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1. INTRODUCTION 

A k i n e t i c  m o d e l  which  p r e d i c t s  t h e  ra te  o f  f o r m a t i o n  of  g a s e o u s  p r o d u c t s  
produced  d u r i n g  coal p y r o l y s i s  h a s  been d e v e l o p e d .  T h e  b a s i s  a s s u m p t i o n s  o f  
t h e  k i n e t i c  model  a re  s i m i l a r  t o  t h o s e  o €  Attar (1) f o r  t h e  k i n e t i c s  of coal 
l i q u e f a c t i o n  in  a h y d r o g e n  d o n o r  s o l v e n t .  The m a i n  a s s u m p t i o n  i s  t h a t  
d i f f e r e n t  c o a l s  c o n s i s t  o f  t h e  same o r g a n i c  F u n c t i . o n a l  g r o u p s  a n d  t h a t  t h e  
d i f f e r e n c e s  be tween c o a l s  are  d u e  t o  t h e  d i f € e r e n t  c o n c e n t r a t i o n s  of t h e  
r u i i c t i o n a l  gro i ips .  T h e  f u n c t i o n a l  g r o u p s  most i m p o r t a n t  i n  f o r m i n g  gaseous 
p r o d u c t s  a r e  h y d r o a r o m n t i c  h y d r o g e n ,  m e t h y l  g r o u p s ,  e t h y l  g r o u p s  and oxygen 
t u n c t i o n a l i t i e s .  i . . e . ,  c a r b o x y l  g r o u p s ,  c a r b o n y l  g r o u p s ,  p h e n o l s  and e t h e r  
l i n k a g e s .  T h e  p r o d u c t s  of c o a l  p y r o l y s i s  a r e  t o  a l a r g e  e x t e n t  d e t e r m i n e d  
by tlie i n i t i a l  c o n c e n t r a t i o n  of  e a c h  o f  t h e  a b o v e  m e n t i o n e d  f u n c t i n n a l i t i e s .  

The  c h e m i s t r y  and  thermodynamics  of  f u n c t i o n a l  g r o u p  r e a c t i o n s  i n  c o a l  a r e ,  
t o  a f i r s t - o r d e r  a p p r o x i m a t i o n ,  i n d e p e n d e n t  of t h e  p a r t i c u l a r  c o a l  ( 2 ) .  I t  
i s  a l s o  p l a u s i b l e  t o  assume t h a t  t he  r e a c t i o n  r a t e  of e a c h  f u n c t i o n a l  g r o u p  is 
i n d e p e n d e n t  of  t h e  p a r t i c u l a r  c o a l  a n d  o n l y  d e p e n d e n t  upon t h e  r e g e n t ,  t h e  
r e a c t i v e  g r o u p  a n d  t h e  t e m p e r a t u r e .  Thus  t h e  k i n e t i c  p a r a m e t e r s ,  t h e  a c t i v a t i o n  
e n e r g y  and tlie f r e q u e n c y  € a c t o r ,  a r e  assumed t o  b e  i n d e p e n d e n t  o f  t h e  p a r t i c u l a r  
coa l .  Arr l ien ius  d e p e n d e n c e  of t h e  r a t e  c o n s t a n t s  a re  assumcd. 

'l'he r a t e  of p r o d u c t  g e n e r a t i o n  a p p e a r s  t o  b c  c o n t r o L l e d  hy t h e r m a l  d e c o m p o s i t i o n  
o f  t h e  c o a l  ( 3 ) .  t h u s  t h e  r a t e  o f  c h e m i c a l  r e a c t i o n  is assiimed t o  b e  t h e  
c o n t r o l  I i n g  r : i t c .  Mass t r a n s f e r  c r f c c t s  h a v e  hcvn nef i ic r tcx l .  'The I)ond I ) r c a k i n g  

stc-:idy state, ; i ss i iap t ior i  can be ; i ppLicd .  'I'Iic r r ce  r ; id ic ; i l s  ciiii tlicii form 
S L a h l c  p r o d u c t s  by coinhi i ia t ioi i  r e a c t i o n s  with o t h e r  r a d i c : i I s  n r  by h y d r o g e n  
ahs t r a c t i o n  r e a c t i o n s .  S e c o n d a r y  react i o n s ,  o t h e r  t h a n  t h e  w a t e r - s h i f  t r e a c t i o n ,  
h a v e  been  n e g l e c t e d .  l'he w a t e r - s h i f t  r e a c t i o n  h a s  b e e n  assumed t o  p r o c e e d  t o  
e q u i l  i b r  ium . 

The k i n e t i c  model i n c o r p o r a t e s  a l l  o f  t h e  above a s s u m p t i o n s  i n t o  a se t  of r a t e  
e q u a t i o n s  f o r ,  t h e  t r a n s f o r m a t i o n s  of t h e  v a r i o u s  f u n c t i o n a l  g roups .  I s o t h e r m a l  

1"'"""':' ll;ls Ilc.(*II ~ I I I I I C ~  t o  p r o r e c d  h y  ;I  r r c e  rad  ic:iI mccIi;iii isis Tor wl i ic l i  tlie 
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k i n e t i c s  o r  a c o n s t a n t  h e a t i n g  r a t e  c a n  b e  u s e d .  
i n t e g r a t e d  n u m e r i c a l l y  u s i n g  a s e m i - i m p l i r i t  t h i r d  o r d e r  Runge-Kutta  method 
w i t h  t h c  i n i t i a l  f u n c t i o n a l  g r o u p  d i s t r i b u t i o n  i n  a c o s 1  a s  t h e  boundary  
c o n d i t i o n .  A f t e r  e a c h  i n t e g r a t i o n  s t e p ,  t h e  w a t e r - s h i f t  r e a c t i o n  i s  s h i f t e d  
t o  e q u i l i b r i u m .  

The r a t e  e x p r e s s i o n s  a r e  

2 .  K I N E T I C  MODEL 

The k i n e t i c  model wh ich  h a s  been  d e v e l o p e d  i s  b a s e d  o n  t h e  p r e m i s e  t h a t  f r e e  
r a d i c a l s  a r e  r e l e a s e d  from t h e  c o a l  m a t r i x  a n d  t h e n  u n d e r g o  c o m b i n a t i o n  r e a c t i o n s  
or  hydrogen  a b s t r a c t i o n  r e a c t i o n s  t o  form s t a b l e  p r o d u c t s .  The  f r e e  rad ica1 .s  
which a r e  r e l e a s e d  from t h e  c o a l  m a t r i x  i n c l u d e  hydrogen  atoms, m e t h y l . g r o u p s  
and e t h y l  g r o u p s .  Each of t h e s e  r a d i c a l s  is r e l e a s e d  from t h e  c o a l  m a t r i x  
a c c o r d i n g  t o  t h e  f i r s t - o r d e r  r e a c t i o n  

where S *  is  t h e  r a d i c a l  r e m a i n i n g  i n  t h e  s o l i d  p h a s e  t o  l a t e r  t a k e  p l a c e  i n  
t a r  f o r m i n g  o r  c h a r  f o r m i n g  r e a c t i o n s  and R *  i s  e i t h e r  H . ,  'CH3 o r  - C  H 
Once fo rmed ,  t h e  f r e e  r a d i c a l s  c a n  e i t h e r  u n d e r g o  a s e c o n d - o r d e r  c o m b i n a t i o n  
r e a c t i o n  of t h e  t y p e  

2 5 : .  

R; + R . .  -t R.R. 
J 1 J  

where i and j r e f e r  t o  any o f  t h e  a b o v e  men t ioned  r a d i c a l s  and  R . R  i s  t h e  
s t a b l e  p r o d u c t ,  or  t h e y  c a n  a b s t r a c t  hydrogen  from t h e  c o a l  m a t r $ J  t o  r e s u l t  
i n  t h e  s t a b l e  p r o d u c t  R H .  
r e a c t i o n  of t h e  t y p e .  

The  hydrogen  a b s t r a c t i o n  r e a c t i o n  i s  a s e c o n d - o r d e r  

Re + S'H -+ S ' .  + RH 

The r e a c t i o n s  i n v o l v i n g  f r e e  r a d i c a l s  c a n  p r o d u c e  t h e  g a s e o u s  p r o d u c t s  H2, 
C t I 4 ,  C H , C I 1  
t o  f o r i  ' l o v e r  m o l e c u f a r  w e i g h t  p r o d u c t s  a r e  n o t  assumed t o  o c c u r .  
a s s u m p t i o n  i s  a p p r o x i m a t e l y  c o r r e c t  i n  t h a t  t h e  componen t s  mos t  l i k e l y  t o  c r a c k ,  
i . e . ,  C H 
is n s s u J e 8  t o  o c c u r  as a r e s u l t e d  of t h e  u n i m o l e c u l a r  d e c o m p o s i t i o n  of e t h v l  
r a d i c a l s  a c c o r d i n g  t o  t h e  r e a c t i o n  

and C H,,,. .Once a s t a b l e  p r o d u c t  is fo rmed ,  c r a c k i n g  r e a c t i o n s  3 8  T h i s  

E t h y l e n e  p r o d u c t i o n  and C4H1,,, are p roduced  o n l y  i n  minor  q u a n t i t i e s .  

- C 2 H 5  -f C2114 + H'  

O t h c r  r e a c t i o n s  which mus t  b e  c o n s i d e r e d  i n v o l v e  oxygen f u n c t i o n a l  g r o u p s .  
'1'111x oxyr.c!n 1 i i i i c . t  iiiiiiil j:roiips a r c  r c s p o n s  ililc f o r  tl ic Torin:it i o n  o f  (:I) CO 
:iii,1 1 1 .  1 ) .  
i l ~ v o l  v 1111: <.:irl,i,xy I 1:roiips. (:iirImii i i ioi iox i d c  i:; iissiiiiicd L u  IN! Iiiriiwd I r(m t w u  
s o u r r c s .  TIic l o w  t e m p e r a t u r e  peak is t l iought  t o  r c s u l t  rrom el i i n i n a t i o n  or 
q u i n o n i c - c a r b o n y l  groups. The  h i g h e r  t e m p e r a t u r e  peak  is  t h o u g h t  t o  r e s u l t  
from t h e  c l e a v a g e  of e t h e r  l i n k a g e s .  
i n v o l v i n g  p h e n o l  g r o u p s .  
t o  f i r s t - o r d e r  k i n e t i c s .  

F i n a l l y ,  t h e  g a s  p h a s e  r e a c t i o n  

(::irl)oii c l  i i i x  i r l i .  i s  :issjiinc(I t i i  a)i.i.i1r i l i i c  t o  ilc~.:lrliiixyIac.ii)ii 2;c>:lg.t 11)ns 
1 .  

Wate r  f o r m a t i o n  i s  d u e  to  r e a c t i o n s  
Each of t h e s e  p r o d u c t s  i s  assumed t o  b e  formed a c c o r d i n g  
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1 
-f 

H20 + co <- co2 + H 2  

m u s t  b e  c o n s i d e r c d .  T h i s  r e a c t i o n  h a s  b e e n  shown to  be a p p r o x j m a t c l y  i n  
e q u i l i h r i u m  i n  t h e  p r o d u c t s  from coa l  p y r o l y s i s  ( 4 , 5 )  a n d  is t h e  o n l y  " s e r o n d a r y "  
r e a c t i o n  c o n s i d e r e d  i n  t h e  k i n e t i c  model .  A f t e r  e a c h  i n t e g r a t i o n  s t e p  t h e  
p r o d u r t  c o m p o s i t i o n  is s h i f t e d  to e q u i l i b r i u m  v a l u e s  For t h e  a b o v e  r e a c t i o n .  
The w a t e r - s h i f t  r e a c t i o n  i s  t h e  " t ie"  be tween t h e  e f f e c t i v e  r a t e  oE p r o d u c t i o n  
of c n c h  oE L l i e  p r o d u c t s  i n v o l v e d  and t h e  a c t u a l  r a t e  of p r o d u c t i o n  of e a c h  
of t h e s e  p r o d u c t s .  

3. MATHEMATICAL DEVELOPMENT 

As p r e v i o u s l y  m e n t i o n e d ,  t h e  r a t e  o f  f o r m a t i o n  o f  I I ' ,  'CM3. ' 

and I 1  0 is assumed t o  b e  d e s c r i b e d  by f i r s t - o r d e r  k i n e t i c s .  ~ $ ~ 5 ~ a ~ ~ 2 ~ f c 0  
f o r m n z i o n  of each  of t h e s e  s p e c i e s  can t h u s  be d e s c r i b e d  by t h e  e q u a t i o n s  

- dRP = ki (S-R)i 
d t  

w h e r e  R: i s  t h e  "gas"  p h a s e  c o n c c n t r a t i o n  of t h e  i - t h  s p e c i e s  and (S-R)i i s  
t h e  c o n k e n t r a t i o n  of t h a t  s p e c i e s  r e m a i n i n g  a t t a c h e d  t o  t h e  c o a l  m a t r i x .  
IJlien R.. i s  H e ,  .CH o r  .C2H 
r e a c t i h s  w i t h  o t h e r  r a d i c a l s  or by  h y d r o g e n  a b s t r a c t i o n  r e a c t i o n s .  
t h e  above  r c n c t i o n s  are assumed t o  f o l l o w  s e c o n d n r d e r  k i n c t i c s  w i t h  t h e  
e x c e p t i o n  of twn h y d r o g e n  a toms c o m b i n i n g  t u  f o r m  mnl .ecular  h y d r o g e n  
which  r e q u i r e s  a t h i r d  body fo r  s t a b i l i z a t i o n  o f  t h e  p r o d u c t .  l h u s  t h e  ra te  
of f o r m a t i o n  of s t a b l e  p r o d u c t s  i s  d e s c r i b e d  by  e q u a t i o n s  3 . 2  t h r o u g h  3 . 7 .  

t h e  r a d i c a l .  c a n  be s t a h i l i . z e d  b y  Combina t ion  3 Both o f  

3 . 2  

d(Cli4) = k3 (H.) (.CH3) + k 4  ('CH3) (S-11) 3 .3  
__ 

d t  

3 . 4  2 d ( C  I I  ) = k (.CII ) + k 7  ( .C2t l5)  (11.) + k8 (*C2115) (S-11) 2 6  5 3 
d t  

3 . 5  

3 . 7 

I n  e q u a t i o n s  3 . 2  - 3 .7  t h e  r a d i c a l  c o m b i n a t i o n  r e a c t i o n s  o c c u r  w i t h  no 
a c t i v a t i o n  e n e r g i e s .  Hydrogen a b s t r a t i o n  r a t e  c o n s t a n t s  a n d  t h e  e t h y l  
d e c o m p o s i t i o n  r a t e  c o n s t a n t  assume Arr l ie i i ius  b e h a v i o r .  The r a t e  r o n s t a n t s  
a s s o c i a t e d  w i t h  e q u a t i o n s  3 .1  - 3 . 7  a r e  l i s t e d  i n  T a b l e s  3 .1  - 3 . 3 .  Along w i t h  
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t h e  r a t e  c o n s t a n t s  a s s o c i a t e d  w i t h  t h e  C u n c t i o n a l  g r o u p  t r a n s f o r m a t i o n s  are  
a c t i v a t i o n  e n e r g i e s  f o r  t h e  d e c o m p o s i t i o n  r e a c t i o n s  o f  t h e  p o l y m e r s  assumed 
t o  c h a r a c t e r i z e  t h e  bond b r e a k i n g  p r o c e s s  i n v o l v e d  i n  t h e  f u n c t i o n a l  g r o u p  
t r a n s f o r m a t i o n s .  

I n  o r d e r  t o  i n t e g r a t e  t h e  g i v e n  r a t e  e q u a t i - o n s  t h e  r a d i c a l  c o n c e n t r a t i o n s  must  
b e  a v a i l a b l e .  The r a d i c a l  c o n c e n t r a t i o n s  h a v e  heen  o b t a i n e d  w i t h  r a d i c a l  
b a l a n c e s  and the a s s u m p t i o n  t h a t  t h e  s t c a d y - s t a t e  a p p r o x i m a t i o n  is v a l i d .  

Accord ing  t o  Benson ( 6 ) ,  t h e  s t e a d y - s t a t e  a s s u m p t i o n  h a s  been  shown t o  b e  v a l i d  
i E  t h e  t o t a l  r a d i c a l  c o n c e n t r a t i o n  is n e g l i g i b l e  compared to  t h e  r e a c t a n t  and 
p r o d u c t  c o n c e n t r a t i o n s .  The r a d i c a l  c o n c e n t r a t i o n s  a r e  usiral1.y n e g l i g i b l e  i n  
t h e  i n t e g r a t i o n  p r o c e d u r e  wh ich  h a s  heen  i n c o r p o r a t e d .  
s t e a d y - s t a t e  a s s u m p t i o n  i s  t h a t  i t  c o n v e r t s  d i f f e r e n t i a l .  e q u a t i o n s  i n t o  a l g e b r a i c  
e q u a t i o n s  which c a n  t h e n  b e  s o l v e d  f o r  t h e  r a d i c a l  c o n c e n t r a t i o n s .  The 
r a d i c a l  b a l a n c e s  a r e  p r e s e n t e d  i n  e q u a t i o n s  3 . 8  - 3.10.  

The u t i l i t y  of t h e  

2 %u = d(S-ll) - 2k (Ha) (M) - k 2  (11.)  (S-ti) - k3  (*CH3) ( H * ) -  
1 d t  d t  

k7 ( 'C2Hs) ( H ' )  + kl.O (.C2H5) = 0 3 . 8  

2 
d( 'CH 3 ) = d(S-C1t3) - k 3  ('CH3)(H') - k4 ('Cl13) (S-H) - 2k5 (*CH3) - 
__ _ _  

d t  d t  
k6 (.CH3) (.C2H5) = 0 3 . 9  

d(.C2H5) = d(S-C2H5) - k6 (.CH3) ('C2115) - k7 ( ' C  2 5  H ) (11')  - 
2 

k g  ( .C2H5)  (S-H) - 2k9 ( .C2Il5)  - k10 (.C2H5) = 0 

In  L l i e  kinetic model  t h e  r a d i c a l  b a l a n c e s  a r e  s o l v e d  by s u c c e s s i v e  
a p p r o x i m a t i o n s  u n t i l  a s o l u t i o n  i s  o b t a i n e d  w i t h i n  a l l o w a b l e  e r r o r .  

T a b l e  3 . 1  

- F u n c t i o n a l  Group Decompos i t ion  R a t e  C o n s t a n t s  

Fu nc t i  ona 1 
h(sec- '  ) E ( k c a l / m o l e )  _____ Group- ____ - 

- 1 1  73 .0  
16 .7  

! I , . /  S l I I  

I - ( : l l ,  
I ,  I :  , 1 1 ,  

. >  
l:oolI ' , * , ( I  .(I 

-c=o .>.). 0 
-0- 2500.0 15 

-OH 1.05 X 10  

r I- 

25.0 
18.0 

I l . 4  
I ') . 'i 
18.0  
3 0 . 2  

3.1.0 
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Model 
Compound - E (kcal/mole) ___- 
Tetralin ( 4 1 )  22.0 
Polybenzyl (-CH ) 5 3 . 0  
Polyacrylic A c i d  (1-COOH) 27.0 
Poly (2,6-dimethyl- 

1,h-phenylene ether) (OH) 57.0  

-- Reference 

11 
1 2  
13  

14 

Table 3 . 2  

Radial Reaction RaLe Constants 

____ Reaction __ k(cc/mole sec) ____. Reference 

H' + tl. + M + H 2  + M 

* C H 3  t H -  + CH 

15 
15" 8 . 9  x 10 

16 12  6.0 x 10 4 

.CH3 + 'CH3 + 3 . 1 6  1 7  

18 ' C H 3  t ' C  I{ 2 . 5 1  x 10 

1 7  *C H + tl' + C2H6 3 . 6 3  x 10 

' C  2 5  H + - C 2 H 5  + c4'i10 1.0 d3 18 

.C2H5 + C2H4 + H -  

12 

12 
2 8  

2 5  

19 -1 k = 2 . 7  x 1014 exp (-40,90O/RT)sec 

Table 3 . 3  

Hydrogen Abstraction Reactions Rate C o n s t a n t s  

Reaction l o g  A(cc/mole zed. E(kal/mole) Reference 

H '  + S-H + H 2  + S. 10.61 5.4 20 

.CII. + s-ll -+ C1I4 + S' 10.61 8.0 cs  t ima t cd 3 

.C2N5 + s-ti -+ c H i s -  13 .5  4.4 e s  timated 2 6  
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4. RESULTS 

The c o n c e n t r a t i o n s  of t h e  v a r i o u s  g a s e o u s  p r o d u c t s  p roduced  d u r i n g  c o a l  
p y r o l y s i s  and t h e  r a t e  o f  f o r m a t i o n  of t h e s e  g a s e s  c a n  b e  o b t a i n e d  by 
employ ing  t h e  k i n e t i c  model  p r e v i o u s l y  d e s c r i b e d .  
t h e  p r o l y s i s  o f  two t y p i c a l  c o a l s  a r e  d e s c r i b e d  i n  t h i s  s e c t i o n .  I n  b o t h  
c a s e s ,  t h e  r e s u l t s  from t h e  k i n e t i c  model  h a v e  been  compared t o  e x p e r i m e n t a l  
d a t a  o b t a i n e d  from t h e  l i t e r a t u r e .  
S t e p h e n s  ( 7 )  and Makino and Toda ( 8 , 9 ) .  

Campbel l  and S t e p h e n s  ( 7 )  p y r o l y z e d  Wyodak s u b b i t u m i n o u s  c o a l  a t  t e m p e r a t u r e s  
between 110' and 1000°C. 
h e a t  a s ample  w e i g h i n g  50 gm and c o n s i s t i n g  of p a r t i c l e s  s i z e d  be tween  10 
mesh and 6 mesh. 
t o  a mass s p e c t r o m e t e r  f o r  q u a n t i t a t i v e  d e t e r m i n a t i o n  o f  t h e  p r o d u c t  
c o m p o s i t i o n .  
t h e  c u r v e s  o b t a i n e d  t rom t h e  k i n e t i c  model  i n  F i g u r e s  1-4. 
i s  p r e s e n t e d  i n  T a b l e  4.1. 
by g r a p h i c a l  i n t e g r a t i o n  o f  t h e  e x p e r i m e n t a l  r a te  o f  e v o l u t i o n  c u r v e .  

I t  i s  i n t e r e s t i n g  t o  compare t h e  i n i t i a l  f u n c t i o n a l  g roup  d i s t r i b u t i o n  w i t h  
t h e  c a l c u l a t e d  g a s e o u s  y i e l d .  
i n t o  t h e  f o r m a t i o n  of me thane  and  a l l  o f  t h e  e t h y l  g r o u p s  form e t h a n e .  
R a d i c a l  c o m b i n a t i o n  r e a c t i o n s  o t h e r  t h a n  w i t h  hydrogen  are n e g l i g i b l e .  
i f  enough hydrogen  i s  s u b t r a c t e d  f r o m - t h e  i n i t i a l  hydrogen  c o n c e n t r a t i o n  
t o  a c c o u n t  f o r  methane and  e t h a n e  f o r m a t i o n ,  t h e  y i e l d  of m o l e c u l a r  hydrogen 
would be 61.3 cm3/gm compared t o  t h e  c a l c u l a t e d  y i e l d  o f  98.9 cm3/gm. 
a p p a r e n t  d i s c r e p a n c y ,  a l o n g  w i t h  t h e  o b s e r v a t i o n  t h a t  more c a r b o n  d i o x i d e  i s  
i n  t h e  p r o d u c t s  t h a n  t h e r e  is c a r b o x y l  g r o u p s  i n  t h e  f e e d  is t h e  r e s u l t  of 
t h e  w a t e r - s h i f t  r e a c t i o n .  Fo r  t h i s  c a s e ,  t h e  o v e r a l l  e f f e c t  of t h e  w a t e r - s h i f t  
r e a c t i o n  i s  a s h i f t  i n  t h e  d i r e c t i o n  

The r e s u l t s  of model ing 

The p u b l i s h e d  d a t a  i s  t h a t  of  Campbel l  and  

A c o n s t a n t  h e a t i n g  rate o f  3.33'C/mm was used  t o  

Argon w a s  u sed  a s  a carrier g a s  t o  sweep t h e  g a s e o u s  p r o d u c t s  

E x p e r i m e n t a l l y  o b t a i n e d  g a s  e v o l u t i o n  c u r v e s  a r e  compared w i t h  
A material b a l a n c e  

The e x p e r i m e n t a l  c a r b o n  d i o x i d e  y i e l d  was e s t i m a t e d  

I t  c a n  b e  s e e n  t h a t  a l l  of t h e  m e t h y l  g r o u p s  go 

A l s o ,  

T h i s  

2 H 0 + CO + C 0 2  + 11 2 

I t  s h o u l d  b e  n o t e d  t h a t  a l l  o f  t h e  c a l c u l a t e d  w a t e r  y i e l d  is formed from t h e  
. p h e n o l s .  I f  some m o i s t u r e  is i n i t i a l l y  p r e s e n t  and t h e  w a t e r - s h i f t  r e a c t i o n  
p r o c e e d s  i n  t h e  same d i r e c t i o n  as b e f o r e ,  t h e  c a l c u l a t e d  h y d r o g e n  y i e l d  c o u l d  
b e  made t o  a p p r o a c h  t h e  e x p e r i m e n t a l  y i e l d .  

The methane and e t h a n e  y i e l d s  a r e  p r e s e n t e d  i n  F i g u r e  1. I t  c a n  b e  s e e n  t h a t  
f i r s t - o r d e r  k i n e t i c s  do  n o t  a d e q u a t e l y  d e s c r i b e  t h e  r a t e  o f  me thane  f o r m a t i o n ,  
e s p e d a l l y  a t  t h e  t a i l  end of t h e  r a t e  c u r v e .  T h i s  o b s e r v a t i o n  is i n  ag reemen t  
w i l  11 l : i~z j : t . i - ; i l i l  iiinl V : I I I  K r c . v ~ ~ I ~ ~ I i  (IO) w I I o  :;aid I~I:II r111- ra tv o r  I I I I * I ~ I ~ I I ~ P  

IOII,I.lI 1 0 1 1  ,l,!a.:; 1 1 1 l 1  < l 4 . 4 . 1 ~ , ~ : 1 ! : $ ~  :I:: I' i l~ll,l l y  :I!: pI.lY1 i, ' l 1.11 I ,y I I I !:I - 0 1 . , 1 < ~ 1  I( 1111.1 I,'!I. 
l\;1:;,~1 OII I( i i i 4 . 1  I < '  : I I  ~~,IIIII~~III !:. I I i d y  ~ I < I ! : I  II I:II :I ::i-i.iiiicl ! : c ~ I I I ~ , . ~ ~  , , I  i i 1 6 . 1  ll:iiii* I 1 ,  

I,<- LiIc! i - ~ > i i i : L  i o 1 1  

The second  methane s o u r c e  which is p o s t u l a t e d  h e r e  i s  t h e  r u p t u r e  o f  a l i c y c l i c  
r i n g s .  Methane h a s  been shown t o  be p roduced  upon t h e  p y r o l y s i s  of  t e t r a l i n  
( l l ) ,  t h u s  a l i c y c l i c  r i n g s  a r e  known t o  b e  a b l e  t o  fo rm me thane  upon p y r o l y s i s .  
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T a b l e  4 . 1  

C h a r a c t e r i z a t i o n  of Wyodak Subbituminous Coal 

3 Gaseous E q u i v a l e n t  of t h e  
Coal I n i t i a l  F u n c t i o n a l  Gaseous Y i e l d  (cm /am) - -  

Composition Group Dis t r ibu t ion-  Component Exper imenta l  Model 
Component wt.% Group Conc. (cm3/& 

C 66.76 -H 196.4 H2 124.8  98.9 
67.2 H 5.25 -CH3 67 .2  CH 4 67.2 

0 16.99 -C2H5 6.6 C2H6 6 .63  6.6 
N I .11 -coot1 18.2 c02 48 54.9 
S 0.74 c =o 26 .1  C0 45.9 63.6 

-0- 7 3 . 1  --- 66.8 
-OH 101 .9  H2° 

The r u p t u r e o f  a l i c y c l i c  r i n g s  should  b e  more impor tan t  i n  lower ranked c o a l s  
s i n c e  t h e  c o n c e n t r a t i o n  a l i c y c l i c  r i n g  i s  p o s t u l a t e d  t o  d e c r e a s e  w i t h  a n  
i n c r e a s e  i n  rank .  

h compari.son between c a l c u l a t e d  and e x p e r i m e n t a l  v o l a t i l i z a t i o n  y i e l d s  for an 
a n t h r a c i . t e  a r e  i l l u s t r a t e d  i n  F i g u r e s  5-8. Makino and Toda (8.9) used  a 
flow-type high p r e s s u r e  r e a c t o r  and a c o n s t a n t  h e a t i n g  r a t e  of 3 . 3 "  C/min up 
t o  a f i n a l  t empera ture  of 900°C i n  t h e i r  exper iments .  A c o n s t a n t  f l o w r a t e  of 
helium was used  t o  sweep gaseous p r o d u c t s  o u t  o f  t h e  r e a c t o r  and i n t o  a h igh  
speed chromatograph f o r  a n a l y s i s .  Argon w a s  used a s  a c a r r i e r  gas  i n  s e p a r a t e  
exper iments  f o r  t h e  d e t e r m i n a t i o n  of hydrogen. The e x p e r i m e n t a l  c u r v e s  reproduced 
h e r e i n  were obta ined  by g r a p h i c a l  i n t e g r a t i o n  of e x p e r i m e n t a l  ra te  c u r v e s .  An 
e s t i m a t e d  10-15% e r r o r  i n  t h e  c a l c u l a t e d  y i e l d s  is p o s s i b l e .  A m a t e r i a l  b a l a n c e  
i s  inc luded  i n  T a b l e  4.2.  

T a b l e  4 . 2  

C h a r a c t e r i z a t i o n  of Omine A n t h r a c i t e  

Gaseous E q u i l v a l e n t  of 
Coal t h e  I n i t i a l  F u n c t i o n a l  

-__ Composition Group D i s t r i b u t i o n  
Component W t . %  Group Conc. (c?/gm) Component Exper imenta l  Model 

C 93.2 -ti 150.1 H2 138.7 71 . 8  

(1  -_--- 1 1 . 0 ' )  

S 0.7 c =o 0.76 CO 3.18 7.36 
7.16 

1 1 . 7  1n.R 
/ I  

I1 '1.1 -1:Il.) 1n.n (:I I 

N I . 7 -(:ooIl 0 .  on94  cn2 1 . 5 2  I .  3.1 
I . ?  -(:yI> 0. 0') I;p(, 

H2° 
------ -0- 7.81 

-0H- 8.25 

The main o b s e r v a t i o n s  are:  

1. A l l  t h e  methyl. and e t h y l  groups form methane and e t h a n e  r e s p e c t i v e l y .  For 
t h i s  c a s e ,  f irst  o r d e r  k i n e t i c s  can  a d e q u a t e l y  d e s c r i b e  t h e  methane e v o l u t i o n  
r a t e .  T h i s  o b s e r v a t i o n  i s  a n o t h e r  p o i n t  i n  f a v o r  of t h e  secondary  methane 
s o u r c e  r e q u i r e d  f o r  lower ranked c o a l s  be ing  t h e  c l e a v a g e  of a l i c y c l i c  r i n g s .  
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2 .  The  w a t e r - s h i f t  r e a c t i o n  s h i f t s  i n  t h e  d i r e c t i o n  

H20 + co + co2 + H2 

The c a l c u l a t e d  c a r b o n  d i o x i d e  y i e l d  shown i n  F i g u r e  7 is  a d i . r e c t  r e s u l t  
of t h e  w a t e r - s h i f t  r e a c t i o n .  
e v o l v e d  is t h e  r e s u l t  o f  d e c a r v o x y l a t i o n  r eac t ions .  

A n e g l i g i b l e  amount o f  t h e  c a r b o n  d i o x i d e  

5 .  MO!)EL LIMLTATlONS 

T h e  1 i m i t a t i o n s  o f   lie model are: 

1. The model d o e s  n o t  p r e d i c t  t a r  y i e l d s .  

2. The model i s  l i m i t e d  t o  l o w  p r e s s u r e  a p p l i c a t i o n s  d u e  t o  t h e  n e g l e c t  

of  s e c o n d a r y  r e a c t i o n s .  

3 .  The r a t e  c o n s t a n t s  f o r  t h e  re lease o f  t h e  Cree r a d i c a l s  f rom t h e  

c o a l  a r e  a p p l i c a b 1 . e  t o  l o w  h e a t i n g  rates.  A h e a t i n g  ra te  of  as  

h i g h  a s  60" C / s e c  w i l l  s h i f t  t h e  c a l c u l a t e d  i n i t i a l  t e m p e r a t u r e  

f o r  methane  Eormat ion  away f rom t h e  e x p e r i m e n t a l  t e m p e r a t u r e  

by a p p r o x i m a t e l y  l.O°C. 

4 .  C o r r e l . a t i o n s  p r e d i c t i n g  t h e  i n i t i a l  f u n c t i . o n a 1  g r o u p  d i s t r i b u t i o n  

a r e  l i m i t e d  t o  coa1.s c o n t a i n i n g  be tween a p p r o x i m a t e l y  70% C a n d  92X C .  
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